Abstract -This study aimed to genetically characterize four new Rhizobium strains, and to evaluate their nodulation and fi xation capacity compared to commercial strains and to native rhizobia population of a Brazilian Rhodic Hapludox. Two experiments were carried out in randomized blocks design, under greenhouse conditions, in 2007. In the fi rst experiment, the nodulation and nitrogen fi xation capacity of new strains were evaluated, in comparison to the commercial strains CIAT-899 and PRF-81 and to native soil population. It was carried out in plastic tubes fi lled with vermiculite. DNA extractions and PCR sequencing of the intergenic space were made from the isolated pure colonies, in order to genetically characterize the strains and the native rhizobia population. In the second experiment, the nodulation and productivity of common beans Perola cultivar were determined, with the use of evaluated strains, alone or in mixture with PRF-81 strain. It was carried out in pots fi lled with soil. The native soil population was identifi ed as Rhizobium sp. and was ineffi cient in nitrogen fi xation. Three different Rhizobium species were found among the four new strains. The LBMP-4BR and LBMP-12BR new strains are among the ones with greatest nodulation and fi xation capacity and exhibit differential responses when mixed to PRF-81.
Introduction
Biological nitrogen fi xation is a worldwide economical and sustainable alternative for nitrogen supply to legume crops. It may reduce the expenses with chemical nitrogen fertilizers, as well as eliminating the negative impact of them on the environment (Straliotto et al., 2002) .
To take advantage of common bean (Phaseolus vulgaris L.) nitrogen biofertilizer, several studies have sought to identify effi cient and competitive strains of rhizobia to cope the nitrogen requirements of this important crop. Unfortunately, biological nitrogen fi xation in common bean fi eld crops has exhibited unstable behavior (Mostasso et al., 2002; Hafeez et al., 2005; Soares et al., 2006) . Several approaches have been used to obtain new rhizobia strains which exhibit better biological nitrogen fi xation responses on common bean. Typically, these strains are evaluated individually Soares et al., 2006) or in mixture with other strains (Hassan et al., 2004; Hafeez et al., 2005; Raposeiras et al., 2006) .
Since June 1998, two Rhizobium tropici strains -SEMIA 4077 (CIAT-899) and SEMIA 4080 (PRF-81) -have their use recommended, in mixture, for inoculation on common bean crops, in Brazil (Hungria et al., 2000) . Nevertheless, further research to isolate new strains with genetic diversity and nitrogen fi xation effi ciency has been carried out. In this sense, Mostasso et al. (2002) and Hungria et al. (2003) evaluated the H12 strain (SEMIA 4088), and concluded that it was effi cient and competitive, providing high yield potential to common beans. Raposeiras et al. (2006) and Soares et al. (2006) carried out studies on agronomic effi ciency of new Rhizobium strains in common bean, in different Brazilian environments, and identifi ed only strains that made possible productivities similar to the obtained with CIAT-899 strain inoculation.
Polymerase chain reaction (PCR) has enabled great advances in the study of taxonomy and genetic diversity of rhizobia, because this technique permits the sequencing and comparison of defi ned fragments of nucleotide sequences, such as ribosomal genes (16S and 23S rRNA) and intergenic spaces (16S-23S rRNA), which have suffi cient variability for detecting differences among genus and species (Laguerre et al., 1996; Chueire et al., 2003; Young et al., 2004) .
The objective of this work was to genetically characterize four new Rhizobium strains, previously selected for their effectiveness in nitrogen fi xation, and to evaluate their nodulation and fi xation capacity compared to commercial strains and to native rhizobia soil population of a Rhodic Hapludox.
Materials and Methods
Two experiments were performed, in order to genetically characterize four new rhizobia strains, previously isolated from common bean nodules (two strains from Brazil and two from Venezuela, Table 1) ; and, also, to evaluate their nodulation and fi xation capacity compared to two commercial strains and to native rhizobial population of a Brazilian Latossolo Vermelho (Rhodic Hapludox). Besides that the productivity and nodulation of common bean with the use of these strains alone and in mixture with PRF-81 strain were evaluated. The experiments were carried out using a randomized blocks design, with three replicates, under greenhouse conditions (28/24 o C day-night, and 60±5% RH), from February to July 2007, at Universidade Estadual Paulista (Unesp), in Jaboticabal, SP, Brazil.
The fi rst experiment was driven in February and March, for the genetic characterization of strains and native rhizobia population. The four new strains, the two commercial ones and seven serial dilutions of the soil were inoculated to common bean plants cultivated in plastic tubes with 250 cm 3 capacity fi lled with autoclave-sterilized vermiculite, pH 6.8. Thirteen treatments were used to evaluate strains and native rhizobia population capacity to nodulate and to fi x nitrogen on common bean plants: seven serial dilutions (10 -1 to 10 -7
) of the Rhodic Hapludox, in 0.85% saline solution, prepared according to Vincent (1970) medium, incubated at 28 o C in a shaker (120 rpm) for 48 hours (Vincent, 1970) . The number of cells was determined by optic density using a photoelectric colorimeter, resulting in a formulation ratio of approximately 10 9 cells mL -1 (colony formation units method).
The plot was constituted by three plastic tubes, with two seeds each, of common bean cultivar Pérola (Yokoyama et al., 1999) previously surface-sterilized with 95% ethanol, for one min, and 3% sodium hypochlorite solution for fi ve min, then, washed seven times with sterile distilled water. Six days after planting, on emergence stage, the plants were thinned out leaving one seedling per tube. Then, the treatments were applied by adding 1 mL of the serial dilution treatments and the inoculant formulations, at the plant base.
During the growth stage, regular irrigations on plants were done with sterile distilled water to maintain the tubes close to fi eld capacity. In all treatments, nutritional solution, without nitrogen, was applied weekly (Gibson, 1987) .
At the fl owering stage, 38 days after planting, plants were harvested, and the presence of nodules on plants treated with serial dilutions was examined, to determine the rhizobial populations of the Rhodic Hapludox, using the most probable number (MPN) method, according to Vincent (1970) . For the inoculated strain treatments, the number (NN) and the dry weight of nodules (DWN) per plant, shoot dry weight per plant (SDW) and shoot total nitrogen per plant (STN) were determined. The STN was measured using the semi-micro Kjeldahl method (Silva & Queiroz, 2006) . Results were submitted to analysis of variance, using the F test, and means were compared using the Scott-Knott test (probability set to 5%) using the analysis of variance system (SISVAR) software (Ferreira, 1999) .
For all the inoculated treatments (serial dilution treatments and the evaluated strains), the nodules were used to provide pure colony isolates used for genetic characterization through sequencing of the intergenic space (ITS) between the 16S and 23S rRNA genes. For accomplishing that, two nodules from each plant were surface-sterilized, as described above for seeds. Nodules were immediately squeezed in Petri dishes containing yeast-extract mannitol agar (YMA) medium, with Congo red (Vincent, 1970) , and then incubated in a biological oxygen demand chamber (BOD), at 28 o C, for 48 hours, and replicated several times until pure isolate colonies were obtained.
The pure isolate nodule colonies from the serial dilutions treatments were divided into homogeneous groups, based on the microbiological characteristics of the isolates (Soares et al., 2006) .
The homogeneous groups of native isolates, from soil and from the four evaluated strains, were cultivated in tryptone yeast-extract (TY) medium with agar (Beringer, 1974) , in a BOD chamber at 28 o C, and replicated every other day, fi ve successive times. Next, the bacteria were grown in 50 mL of liquid TY medium, at 28 o C, and cultured in a shaker (120 rpm) for 48 hours.
Genomic DNA was extracted and purifi ed from cells cultivated in liquid TY medium, according to Sambrook et al. (1989) method. Bacterial DNA was amplifi ed on a PCR thermal cycler, using primers FGPS 1490 (5'-TGCGGCTGGATCACCTCCTT-3') and FGPS132' (5'-CCGGGTTTCCCCATTCGG-3'). These primers amplify the intergenic space between the 16S and 23S rRNA genes (Laguerre et al., 1996) .
The PCR reaction was carried out in a fi nal volume of 20 µL, containing 12.7 µL sterilized ultrapure water; 0. The amplifi cation profi le consisted of: an initial denaturation step, at 95°C for 3 min; 35 cycles of denaturation (1 min at 94°C), annealing (1 min at 55°C) and extension (2 min at 72°C), followed by a fi nal extension at 72°C, for 3 min, and maintenance at 4°C (Laguerre et al., 1996) . The PCR procedure was performed twice.
The PCR products were purifi ed and sequenced directly, using ABI PRISM Big Dye Terminator kit (Applied Biosystems, USA), according to manufacturer's instruction, by a capillary sequencer (model ABI 3700). The above-described primers and PCR amplifi cation profi le were also used for sequencing.
Sequence quality was verifi ed using Sequencing Analysis 3.4 software (Applied Biosystems, Foster City, CA, USA). Electropherogram analysis was done using Phred, Phrap and Consed programs (Gordon et al., 1998) . Sequence selection was made using ContGEN, with a minimum requirement level of 400 bases and a Pesq. agropec. bras., Brasília, v.43, n.9, p.1177 -1184 , set. 2008 Phred quality greater than 20. The consensus sequences were obtained by overlap of 50 bp, using the software cited above.
Nucleotide sequences were submitted to the GenBank of National Center for Biotechnology Information (NCBI), and were subjected to nucleotide similarity comparison. The basic local alignment search tool (Blast) (Altschul et al., 1997) was used for sequence comparison. For multiple sequence alignments of the 16S-23S rRNA genes obtained in this study, as well as others selected from the database, a global alignment was generated using BioEdit (Hall, 1999) by selecting the clustal x alignment option (Thompson et al., 1997) .
Beginning with the aligned sequences, a phylogenetic tree was constructed using the Neighbor-Joining algorithm in MEGA V. 2.1 software (Kumar et al., 2001) , with 1,000 bootstrap replicates. To generate the tree, only the commercial strain CIAT-899 was included, because the PRF-81 intergenic sequence was not available on GenBank.
The second experiment permitted the evaluation of nodulation and productivity of common beans infected with the studied strains, alone and in mixture with PRF-81 strain, in comparison to the inoculation with CIAT-899 and PRF-81 commercial strains, in a medium-texture Rhodic Hapludox condition. The experiment was conducted from April to July and was carried out in plastic pots with 7.5 dm 3 capacity. The pots were fi lled with soil which had not cultured crops for the previous fi ve years. The soil analysis showed: pH in CaCl 2 , 5.9; H +Al, 11 mmol c dm ; Zn, 0.6 mg dm -3 ; and V, 81%. Based on these soil characteristics and on common bean nutritional requirements (Oliveira et al., 2002) , it was unnecessary to apply lime. Before planting, 200 kg ha -1 of the commercial fertilizer NPK (0-20-20) was applied.
Thirteen treatments were evaluated: the four new Rhizobium strains (LBMP 3VE, 4VE, 4BR and 12BR) ( Table 1) ; two commercial strains (CIAT-899 and PRF-81), inoculated alone; a 1:1 mixture of the two commercial strains; four treatments containing a 1:1 mixture of each new LBMP strain and PRF-81; and two uninoculated controls, one without nitrogen and the other with 70 kg ha -1 nitrogen. The nitrogen source used was urea, with one half applied after thinning, and the other half applied 25 days after planting. The inoculant treatments were prepared as described for the fi rst experiment, and 1 mL was applied to the seeds (previously surface-sterilized, as described above), before planting. The cultivar used was also Pérola, planted with two seeds per pot; leaving only one seedling after six days of planting. Irrigation was done using the drop irrigation system, irrigating up to field capacity, when the tensiometers indicated 40 kPa.
The plot size consisted of six plants, two of which were harvested at fl owering, 38 days after planting, and the number (NN) and dry weight of nodules (DWN) per plant, shoot dry weight per plant (SDW) and shoot total nitrogen per plant (STN) were determined. The STN was measured using the semi-micro Kjeldahl method.
At harvest, 81 days after planting, the four remaining plants were collected, and the productivity of grains per plant (PG), with the humidity corrected to 13%, and total nitrogen in grains (TNG) were determined. Results were submitted to analysis of variance, and means were compared using the Scott-Knott test, as described for fi rst experiment.
Results and Discussion
In the fi rst experiment, the native rhizobia population of the Rhodic Hapludox was around 0.64x10 4 to 4.80x10 4 cells g -1 of soil. These results agreed with those of Soares et al. (2006) , in which relatively high population of rhizobia was found in an acid soil of Minas Gerais State. However, the absence of a rhizobia population in acid Brazilian Cerrado soil, observed by Raposeiras et al. (2006) , suggests that these microorganisms exhibit high levels of variability in tropical conditions.
The analysis of variance for number and dry weight of nodules per plant, shoot dry weight per plant and shoot total nitrogen per plant showed no statistical differences among inoculated strain treatments. These results probably could be explained by the adequate pH conditions in vermiculite media, close to 6.8 (Vincent, 1970) , and by the uniform application of fertilizer without nitrogen in nutritional solution (Gibson, 1987) , which permitted the growth of all strains without limitations of pH and nutrients required to express their ability on nodulation and nitrogen fi xation.
The native isolates from the serial dilutions of Rhodic Hapludox produced a single morphologically homogeneous group of colony, which was yellow, displayed fast growth (three days), and had a diameter larger than 2 mm, high exopolysaccharide production and acidic alterations of growth culture.
Sequencing of the intergenic space between the 16S and 23S rRNA genes permitted the identifi cation of the taxonomic position of that morphologically homogeneous group of colony (called LBMP soil-BR), and of the four evaluated strains. These results coincided with those reported by Depret et al. (2004) , who suggested that the intergenic space was effi cient for Rhizobium leguminosarum strain identifi cation.
Based on known sequences for this intergenic space, LBMP soil-BR was identifi ed as Rhizobium sp., with 94% similarity to accession AF364839.1 (GenBank). LBMP soil-BR was different from the strains evaluated in this work (Figure 1 ). Among the four evaluated strains, LBMP-4BR and LBMP-4VE were identifi ed as Rhizobium tropici, with 93 and 97% similarity with accessions AY491966.1 and DQ682654.1 (GenBank), respectively. However, these strains formed groups with different phylogenetic positions (Figure 1) .
The presence of R. tropici, in both Brazilian and Venezuelan isolates, confi rms the results obtained by Martínez-Romero et al. (1991) , which emphasized that this species seems to be native to tropical regions of South America. Similarly, Pinto et al. (2007) showed that the majority of very effective rhizobia isolated from common bean fi eld-grown plants were R. tropici.
The LBMP-12BR strain had 96% similarity with Rhizobium etli (GenBank accession AY491965.1), and LBMP-3VE was similar to Rhizobium leguminosarum with 94% similarity with AY491959.1 (GenBank). Nonetheless, on the phylogenetic tree generated from this study, the latter strain was phylogenetically closer to R. etli (Figure 1) . The results of the phylogenetic analysis of intergenic space sequences placed these strains within the same group formed by R. leguminosarum and R. etli, confi rming that these species are closely related (Santillana et al., 2008) .
Several authors have evidenced that the variability among species which nodulate common bean is due to soil type or study area, among other factors. In this context, Depret et al. (2004) observed a decrease of R. leguminosarum in a soil submitted to corn monoculture. This result may explain the presence of the species R. tropici (LBMP-4BR) in a soil with corn monoculture in minimum tillage (Table 1) . However, Andrade et al. (2002) observed a predominance of R. leguminosarum in acid soils that were not treated with lime. This is similar to results found in this study, as LBMP-3VE was isolated from acidic soil with no lime application.
In the second experiment, among the four new strains tested, LBMP-4BR and LBMP-12BR showed similar nodulation and fi xation capacity as CIAT-899 and PRF-81 commercial strains, and had statistically identical levels of total nitrogen in grains. In addition, the response of these strains was not increased upon mixture with the PRF-81 commercial strain (Table 2) .
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Rhizobium sp. EU556746 -LBMP soil-BR Root AB055990.1 Archaea Root Figure 1 . Neighbour joining phylogenetic tree of 16S-23S rRNA intergenic spaces of Rhizobium isolates from nodules of common bean plants. Values at branch points indicate bootstrap support higher than 75% from 1,000 pseudoreplicates. All sequences are numbered, and sequences in the database are indicated by the GenBank accession number. Pesq. agropec. bras., Brasília, v.43, n.9, p.1177 -1184 , set. 2008 The mixture of LBMP-12BR strain (R. etli) with PRF-81 (R. tropici) strain produced an antagonistic effect (Table 2) . Similarly, Hassan et al. (2004) evidenced that the response upon mixing the strains was not always as good as the response to a single strain on inoculants. Hafeez et al. (2005) suggested that the antagonistic effect may be due to the production of bacteriocin, proteins or protein complexes with bacteriocidal activity directed against species closely related to the producer bacterium. The differential response showed among the inoculated strains alone, in the fi rst experiment, compared to the second one, coincided with previous results that pointed out unstable behavior of inoculated strains in different environments (Mostasso et al., 2002; Hafeez et al., 2005; Soares et al., 2006) .
The lowest common bean productivity, total nitrogen in grains, number of nodules and shoot dry weight were observed in the strains from Venezuela (Table 2) . This suggests a possible environmental instability of these strains in Brazilian soil conditions, since one of them (LBMP-4VE), although identifi ed as R. tropici, did not show a positive response in the acid soil evaluated (pH 5.9). This was unexpected, because Mostasso et al. (2002) emphasized that R. tropici is a good choice for acid soils with high temperatures, and Pinto et al. (2007) found that this species exhibited strong competitiveness, tolerance of stressful environmental conditions and genetic stability.
Mixture of the commercial strains, CIAT-899 and PRF-81, did not produce a statistically high response compared to the response of these strains alone. These results differed from those found by Hungria et al. (2000) , which observed that, in Brazil, a mixture of these commercial strains caused a positive response to inoculation.
Low grain productivity, total nitrogen in grains, shoot dry weight and poor nodulation were observed for the uninoculated control treatment without nitrogen (Table 2) . These results permitted to affi rm that the native rhizobia population (identifi ed as Rhizobium sp.) was ineffi cient in the nitrogen fi xation, with low ability to nodulate common bean. Soares et al. (2006) obtained similar results for uninoculated plants without nitrogen treatment.
Like Soares et al. (2006) , the control uninoculated treatment with 70 kg ha -1 N inhibited nodulation, considering that this treatment showed the lowest number and dry weight of nodules (Table 2) . However, this treatment had the highest grain productivity of common bean plants, likely due to the effi cient use of N, since the loss of nitrogen occurs mainly due to excesses of rain or irrigation, which causes lixiviation of the fertilizer (Straliotto et al., 2002) , but, in the present study, an effi cient drop irrigation system was used. 
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(1) Within each column, means followed by the same letters do not differ by Scott-Knott test, at 5% of probability. Table 2 . Number of nodules (NN), dry weight of nodules (DWN), shoot dry weight (SDW), shoot total nitrogen (STN), grain productivity per plant (PG), and total nitrogen in grains (TNG) of common bean, cv. Pérola, inoculated with Rhizobium strains, under greenhouse conditions (1) .
